The effect of o-3, w -6 and o-9 unsaturated fatty acids (UFAs) on receptor-mediated Ca2+ entry was investigated in a T-cell line (JURKAT) by using anti-CD3 antibodies (OKT3) to induce intracellular Ca2+ ([Ca2+] 
INTRODUCTION
One of the earliest events in T-cell activation by T-cell receptorspecific monoclonal antibodies (Weiss et al., 1986) or mitogenic lectins (Gelfand et al., 1987; Hadden, 1988) is the mobilization of intracellular Ca2+ (Ca2+ ). The increase in [Ca2+] i is characterized by an initial transient increase owing to release of Ca2+ from internal stores, and a second prolonged sustained phase, which appears to be due to Ca2+ entry across the plasma membrane, since it requires extracellular Ca2+. The mechanism responsible for the initial transient increase in [Ca2+] i, now well characterized, involves Ca2+ mobilization from intracellular stores by Ins(1,4,5)P3 (Irvine et al., 1986; Putney et al., 1989) . However, the nature and regulation of Ca2+ influx across the plasma membrane during the sustained phase of elevated Ca2+ is still not well understood.
One model suggests that Ca2+ flows directly into the cytosol through channels in the plasma membrane, which appear to be regulated by Ins(1,4,5)P3 (Kuno & Gardner, 1987) . Recent evidence Putney et al., 1989) suggests that a loss of Ca2+ from the Ins(1,4,5)P3-sensitive pool activates a pathway of Ca2+ re-entry into the Ins(1,4,5)P3-sensitive pool from the extracellular milieu. Hence, if Ins(1,4,5)P3 is continuously maintained at an elevated level, Ca2+ would enter the Ins(1,4,5)P3-sensitive pool and subsequently exit through the Ins(1,4,5)P3-mediated channels into the cytosol. This model seems to provide the best explanation for how the sustained phase of [Ca2+] , elevation may be maintained.
Recently, we observed that polyunsaturated fatty acids stimulate the discharge of Ca2+ from the Ins(1,4,5)P3-sensitive Ca2+ pool via a mechanism which can be dissociated from the hydrolysis of inositol lipids (Chow & Jondal, 1990 [Ca2+] i measurement, portions of the cell suspension (3 x 106 cells) were again washed and resuspended in 2 ml of modified Krebs-Henseleit buffer in a quartz cuvette maintained at 35°C in a Sigma ZFP 22 dual-wavelength spectrofluorimeter (Sigma Instruments, West Berlin, Germany) with excitation wavelengths 334 and 366 nm (emission was measured with a 500 nm-cut-off filter). Because Fura-2 leakage is temperature-dependent, 35°C was used instead of 37°C to minimize leakage (Treves et al., 1987) . This procedure decreased Fura-2 leakage to a minimum over the time course of the experiments. Changes in [Ca2J1] were monitored by recording changes in the fura-2 fluorescence-ratio signal, calibrated in terms of [Ca2+] , as described by Grynkiewicz et al. (1985) . The maximal fluorescence was obtained by lysing the cells with 10 % (v/v) Nonidet P40. EGTA (final concn. 500 mm in 2 M-Tris/HCl, pH 8.4) was then added to obtain the minimum fluorescence. A value of 225 nm was used for the Kd of Fura-2, as previously reported (Treves et al., 1987; Grynkiewicz et al., 1985) .
Studies on the effect of UFAs and OKT3 on Ca2+ influx into JURKAT cells Bivalent-cation influx into JURKAT cells was monitored by the Mn2+ quenching technique described by Merritt et al. (1989) ; this method is based on the ability of Mnn2+ to displace Ca2+ and quench Fura-2 fluorescence, and the fact that stimulation of receptor-mediated Ca2+ entry results in concomitant Mn2+ influx. Fura-2-loaded cells (3 x 106 cells) were incubated in a cuvette in the presence of 50 gM-MnCl2, and after 1 min agents were added to the cells as described in the Figure legends. The fluorescence of Fura-2 was monitored continuously as outlined above, except that the two excitation wavelengths were recorded separately.
Phosphorylation studies JURKAT cells (3 x 106 cells/ml) were labelled with carrierfree [32P]P, (100 uCi/ml) in phosphate-free RPMI medium without FCS or BSA for 5 h at 37 'C. Then 1 ml portions of cell suspension were placed in 1.5 ml Eppendorf tubes containing the various stimulating agents. The cells were incubated for 20 min at 37 'C. Stimulation was terminated by rapidly centrifuging and washing with ice-cold PBS (phosphate-buffered saline). The washed cell pellets were resuspended in 200,1 of lysis buffer (20 mM-Tris/HCl, 150 mM-NaCl, 2.5 mM-EDTA, 10 mM-NaF, 1 mM-phenylmethanesulphonyl fluoride, 5,ug of leupeptin/ml and 1 % Triton X-100, pH 7.2) and placed on ice for 15 min, with regular vortex-mixing every 5 min. The lysates and proteins were processed as described by Brattsand et al. (1989) , except that the CM-Sepharose absorption step was omitted. In brief, the lysates were separated from nuclei by centrifugation (9000 g) and boiled for 10 min. The precipitated proteins were spun down (9000 g), and 100 u1 portions of the supernatants were placed in tubes containing pre-equilibrated DE-52 ion-exchange DEAE-cellulose. After 20 min of constant mixing, the supernatants were removed and the proteins were precipitated overnight with 66 % (v/v) acetone at -20 'C. Proteins were then analysed by reducing SDS/PAGE (11% acrylamide). Gels were treated with alkali (0.9 M-KOH) for 4 h, washed for 6 h before drying and autoradiographed.
Studies on the effect of UFAs on OKT3 binding to CD3 receptors The method was essentially the same as reported by Schols et al. (1989) (Imboden & Stobo, 1985; Weiss et al., 1986; Chow & Jondal, 1990) . In JURKAT cells loaded with the Ca2+-indicator dye Fura-2, the OKT3-induced [Ca2+]1 increase was transient, and returned to a sustained level higher than the basal (Fig. la) . Ni2+ ions (5 mM), which block divalent-cation entry via plasma-membrane channels (Merritt et al., 1989), decreased [Ca2+]i to near-basal level when added during the sustained phase of Ca2`flux (Fig. lb) . On its own, Ni2+ does not affect the basal [Ca2+] (results not shown). Long-chain UFAs, i.e. ALA (C18: 3, c-3), EPA (C20:5 wo-3), DCHA (C22:6, w-3), LA (C18: 2, -6) and AA (C20:4, w-6), which mobilize intracellular Ca2+ in JURKAT cells, and the non-Ca2+-mobilizing OA (C18: , w -9) (Chow & Jondal, 1990) The maximum effect obtained with TPA was observed at 100 ng/ml (Fig. le) .
Effect of H-7 on both TPA-and UFA-induced inhibition of the OKT3-induced sustained ICa2+1i increase in JURKAT cells
Since the activation of PKC by TPA produces results similar to those of UFAs in blocking Ca2+ entry, it is possible that UFAs are activating PKC. It has been reported that non-esterified fatty acids can activate PKC in cell-free systems (McPhail et al., 1984; Murakami et al., 1986 UFAs do not affect PKC-dependent phosphorylations in JURKAT cells Although H-7 has no effect on the UFA-induced [Ca2+]1 decrease, we cannot positively rule out PKC involvement in the UFA effect, owing to lack of specificity of H-7 in inhibiting PKC (Ruegg & Burgess, 1989; Watson et al., 1988) . To be certain that UFAs do not activate PKC, two PKC-dependent phosphorylation marker substrates in JURKAT cells (19 and 80 kDa) were analysed (Friedrich et al., 1988; Alexander & Cantrell, 1989) . As shown in Fig. 3 Krebs-Henseleit buffer supplemented with 50,uM-MnCl2. Assuming that there is no specificity for both bivalent-cation (Mn2+ and Ca2+) entry via the Ca2+ channels, stimulation of Ca2+ influx will simultaneously allow Mn2+ to enter the cells and quench the Fura-2 signal (Merritt et al., 1989) . OKT3 stimulated a rapid decrease in the Fura-2 fluorescence intensity (Fig. 5, trace 6 ) compared with the control cells (Fig. 5, trace 1) , indicating that bivalent-cation influx is activated. Fura-2 fluorescence was completely quenched within 4 min ofter OKT3 addition. If Ni2+ ( (100 ng/ml) respectively were added 2 min after adding OKT3. The fluorescence was monitored at 334 nm. Only traces for OA are shown; other UFAs (AA, ALA, LA, EPA and DCHA) tested gave similar results. Murakami et al., 1986) , it was suggestive that the UFA-induced [Ca211] decrease might operate through PKC. However, by using the PKC inhibitor H-7 (Fig. 2) and analysis of PKC-dependent phosphorylation of the 19 and 80 kDa marker substrates (Fig. 3 ) (Friedrich et al., 1988; Alexander & Cantrell, 1989) , the involvement of PKC activation was ruled out.
Recent studies Hughes et al., 1988) have shown that atropine, a muscarinic-receptor antagonist, can displace metacholine from its receptor and rapidly shut down the Ca2+ influx. The effect of atropine appears to be due to a rapid decline in the cellular concentration of Ins(1,4,5)P3. By flow-cytometry analysis (Schols et al., 1989) , UFAs were found not to interfere with the binding of the anti-CD3 antibodies to the CD3 receptors (Table 1) . Therefore, UFA-induced decreased in [Ca2+]1 must be due to a mechanism other than displacement of OKT3 antibodies from the CD3 receptors.
Previous studies (Chow & Jondal, 1990; Kolesnick & Gershengorn, 1985) have shown that BSA, which has high affinity for fatty acids (Purdon & Rao, 1989) , can abolish the Ca2+-mobilizing effects of UFAs when added to cell suspensions before fatty acids. The present results show that BSA can also remove, and thereby reverse, the effect of UFAs after these fatty acids have decreased the OKT3-induced sustained [Ca2+]1 increase to basal levels (Fig. 6 ). This suggests that the UFAs exert their inhibitory effect on the outer membrane, presumably by binding to surface proteins such as the Ca2+ channel itself or some component(s) of the channel.
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The dual effects of UFAs (i.e. Ca2l release from internal stores and inhibition of Ca2l influx) can be explained by the fact that UFAs are hydrophobic and have a high affinity for binding to proteins. When JURKAT cells are exposed to UFAs, the fatty acids will bind to proteins on the membrane surface, and some will permeate across the membrane into the cytosol. Once inside the cell, they induced Ca2+ release from the Ins( 1,4,5)P3-sensitive pool. The mechanism involved is still undefined. Those fatty acids bound to the membrane surface proteins seem to affect the receptor-mediated Ca2+ channel and prevent Ca2+ entry. Studies by Chan & Turk (1987) demonstrated that AA inhibits the uptake of Ca2+ in liver microsomes. It is unlikely that the mechanism of inhibition by fatty acids is the same for both the microsomes and whole cells, since Ca2+ uptake in microsomes is ATP-dependent.
Compared with Ni2l (5 mM), only 6,tM-UFA is required to block Ca2+ entry (Fig. 1) . The time for [Ca2+]i to reach a peak and then to return to basal levels is shorter in the presence of UFAs than in the presence of Ni2+ (Fig. 4) . Of all the UFAs tested, only OA seems to be useful as a tool to study Ca2+ influx, since it does not mobilize Ca2+ in JURKAT cells. In contrast, other UFAs still mobilize intracellular Ca2+ at 3-6 /M (Chow & Jondal, 1990) . Previous studies of fatty acid-induced Ca2+ mobilization have only looked at Ca2+ efflux (Wolf et al., 1986; Kolesnick et al., 1984) . Fatty acids such as AA have been shown to block agonistinduced [Ca2+]1 increase in platelets (Kowalska et al., 1988) and GH3 pituitary cells (Kolesnick & Gershengorn, 1985) ; however, no attempt has been made to explain or to characterize the effect. The present results demonstrate that UFAs can potently inhibit the Ca2+ influx into cells. Such an effect would be expected to be harmful to cells, owing to disruption of normal Ca2+ homoeostasis. Thus the present results support for a protective role for albumin in the plasma, i.e. providing a buffer for removing any non-esterified fatty acids which might affect the blood cells.
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